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ABSTRACT: A proton irradiation campaign has been carried out on a series of samples including thin-film amorphous
(a-Si:H), microcrystalline (µc-Si:H) and micromorph (tandem µc-Si:H/a-Si:H) silicon solar cells. The radiation
hardness of microcrystalline and micromorph thin-film silicon solar cells is tested here for the first time. It is compared
with the radiation hardness of thin-film amorphous silicon solar cells. The effect of annealing on solar cells degraded
by proton irradiation is also investigated.
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1.  INTRODUCTION
Solar cells used on satellites are highly exposed to proton
radiations. Recently, it has been shown that CIS [1] and
thin-film amorphous silicon [2] solar cells have good
radiation hardness. Thin-film amorphous silicon (a-Si:H)
on polyimide substrate has an excellent power/weight ratio
(more than 500 W/kg). Thin-film microcrystalline silicon
(µc-Si:H) solar cells and thin-film double junction solar
cells using a-Si:H and µc-Si:H (i.e. so called "micromorph"
cells [3-6]) could also be used for space applications, but
their radiation hardness was sofar not known. The
power/weight ratio of micromorph solar cells could be very
high (over 1000 W/kg) if deposited on polyimide
substrates.
Our test samples are thin-film amorphous, microcrystalline
and micromorph silicon solar cells. After irradiation,
annealing steps at increasing temperatures have been
carried out on these different types of solar cells.
A comparison is made between the characteristics of these
different types of thin-film silicon solar cells measured
before proton irradiation, after proton irradiation, and after
annealing.
2.  EXPERIMENTAL APPROACH
We have studied single- and double-junction devices, that
were all manufactured by the Very High Frequency Glow-
Discharge (VHF-GD) technique [7] at IMT Neuchâtel.
Amongst single-junction cells,  we have irradiated thin-
film n-i-p a-Si:H and n-i-p µc-Si:H solar cells.
Fig. 1: Structure of n-i-p single junction solar cell
W.r.t. double-junction tandem devices, both n-i-p and p-i-n
micromorph solar cells were irradiated. The structure of
the devices is illustrated in fig. 2.
Fig. 2: Structure of double junction micromorph solar
cell
For our single-junction a-Si:H n-i-p solar cells, we have
chosen different substrates: glass, stainless steel sheet
metal and polyimide. The preirradiation conversion
efficiency varied from 7.5 to 8.5 % for these cells. Glass
was the substrate used for all other cells tested (n-i-p
µc-Si:H, n-i-p micromorph and p-i-n micromorph). For the
double-junction p-i-n micromorph cells, the preirradiation
conversion efficiency was between 10 and 11 %.
All the cells were irradiated by the European Space
Agency (ESA) using a rocking equipment described in
fig. 3.
Fig. 3: Technique of irradiation
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The solar cells are placed on a 5 mm aluminium holder so
no proton enters the cell through the rear side. A 500 µm
aluminium sheet is applied at the top of the cells, and the
whole equipment is rotating compared to the proton flux.
This is used to reduce the initial energy of the protons
(10 MeV) to a lower value (several tenth of keV up to
5 MeV). The fluence (quantity of particles per area) is
1.5E13 p+/cm2. The energy spectrum of the incident
protons has been calculated and is shown in fig. 4.
The initial energy of the protons had to be reduced below
10 Mev, as protons of this energy pass through thin-film
solar cells without being absorbed.
Fig. 4: Energy spectrum of the incident protons
Prior to starting the series of irradiations, all cells were
annealed at 180 °C for 90 minutes. All cells were irradiated
under open-circuit conditions.
The cells were characterized before and after irradiation,
and after the post irradiation annealings. We have
characterized the cells at the IMT with a solar simulator
under AM1.5 conditions (100 mW/cm2) and with spectral
response measurements. Four parameters were
investigated: the open circuit voltage (Voc), the fill factor
(FF), the short circuit current (Isc) and the efficiency (η).
Note that the values of the parameters are measured at
AM1.5 (illumination on earth) conditions. The change for
AM0 (illumination in space: 136 mW/cm2) conditions is an
increase by 22 % of Isc and a small reduction of FF.
Comparisons are made w.r.t. the mean value of the
normalized conversion efficiency of 4 to 6 cells from the
same substrate for each type of solar cells.
This was a first attempt to check the space compatibility of
the solar cells that are manufactured at IMT Neuchâtel. Up
to now only proton irradiation has been studied, other
effects like atomic oxygen or heat cycles have not been
investigated.
3.  RESULTS
For  the three types of n-i-p amorphous silicon solar cells
(on polyimide, stainless steel sheet-metal and glass
substrates), the results show that these cells are only very
slightly damaged by the proton irradiations at the choosen
fluence and energy.
Fig. 5 presents normalized efficiency of a-Si:H solar cells
on glass substrate after the proton irradiation and annealing
at different temperatures (100°C for 5 hours, 140°C for 2
hours, 180°C for 2 hours). Each data point is a mean value
of 6 solar cells on the same substrate. For all thin-film
amorphous silicon solar cells on the three different
substrates, an excellent radiation hardness has been
observed.
Fig. 5: Normalized efficiency of n-i-p a-Si:H solar cells on
glass substrate
For the n-i-p microcrystalline and micromorph silicon
solar cells, all parameters show a loss after the proton
irradiation. After thermal annealing however, the four
parameters reach their initial value (i.e. the value before
irradiation). Fig. 6 presents normalized efficiency of
microcrystalline and micromorph solar cells on glass
substrates after proton irradiation and annealing at different
temperatures (100°C for 5 hours, 140°C for 2 hours, 180°C
for 2 hours). Each data point is a mean value of 4 solar
cells on the same substrate.
Fig. 6: Normalized efficiency of n-i-p microcrystalline
and n-i-p micromorph solar cells on glass substrates
As the normalized conversion efficiency of n-i-p
microcrystalline and of n-i-p micromorph silicon solar
cells looks similar after proton irradiation and after the
different annealings, we suppose that it is the µc-Si:H cell
of the micromorph tandem solar cell that is damaged by
the irradiation.
The normalized efficiency of p-i-n micromorph solar cells
looks quite similar with the one of n-i-p micromorph solar
cells (fig. 7). The annealing time and temperature are the
same for both types of cells (p-i-n and n-i-p micromorph).
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Fig. 7: Normalized efficiences of p-i-n micromorph solar
cells on glass substrate
As shown in fig. 7, the degradation due to proton
bombardment could be partly recovered with post-
irradiation isothermal annealings. Irradiation results of two
different substrates are illustrated, and each data point is a
mean value of 4 solar cells on the same substrate. Note that
the p-i-n micromorph solar cells were irradiated through
the n-side.
For the p-i-n micromorph tandem solar cell, the spectral
response measurements show that it is the microcrystalline
bottom cell that is damaged after the proton irradiation
(fig. 8).
Fig. 8: Relative spectral response [a. u.] versus wavelength
[nm] for the p-i-n micromorph cell (dotted line =
measurement after proton irradiation)
The cells which irradiation results are illustrated in fig. 7
have been exposed a second time to the same proton
bombardment, but after that we have annealed the samples
at lower temperatures (70 °C, 100 °C and 130 °C, each
annealing step during 10 hours). Irradiation results of the
same two different substrates are illustrated in fig. 9. Each
data point is a mean value of 4 solar cells on the same
substrate.
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Fig. 9: Normalized efficiencies of p-i-n micromorph
solar cells on glass substrates
Fig. 9 shows that after annealing at relatively low
temperatures (70 °C, 100 °C and 130 °C) the degradation
due to proton bombardment could be partly recovered. We
suppose that longer annealing times at temperatures around
70 to 100 °C may allow the full recovery of the
degradation
4.  DISCUSSION
Thin-film a-Si:H solar cells have excellent radiation
hardness. For thin-film µc-Si:H and "micromorph"
(µc-Si:H/a-Si:H tandem) solar cells, an important loss of
conversion efficiency was seen after proton irradiation. But
almost the full degradation could be recovered after
annealing during a short time. The spectral response
measurement has shown that, for the micromorph tandem
solar cell, it is the microcrystalline cell that was mainly
damaged by the proton irradiation.
An important result of this study is that almost the full
degradation due to proton irradiation could be recovered
within some hours at relatively low temperatures (70 to
130 °C). It may also be possible to reach a steady state (in
space) where simultaneous degradation and annealing
come to a balance. More research on this aspect is needed.
Actually, space cells operate typically at 70 to 80 °C, when
a heat shied is used (IR-reflector) to keep the cells cool. It
may be interesting for thin-film silicon solar cells to work
at higher temperatures (around 100 °C), so they could
reach the steady-state (annealed state) described above.
5.  CONCLUSIONS
Good power/weight ratio can be provided by a-Si:H solar
cells deposited on polyimide. But their power/area ratio is
not so attractive.
It would be possible to improve this by depositing
thin-film "micromorph" (µc-Si:H/a-Si:H tandem) silicon
solar cells on light weight polyimide.
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4The thermal history of the solar modules in space is very
important , especially for "micromorph" tandem solar cells
with their excellent power/weight potential (over
1000 W/kg).
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